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Abstract 
 
 The transistor laser (TL) is a unique three-terminal semiconductor laser device that 
possesses qualities and functionalities that cannot be achieved by diode lasers alone. In this 
thesis, the history of development and device structure, as well as the carrier dynamics in the TL 
will be first presented to provide background discussion. The focus of this thesis will be on the 
methods of high-speed characterizations on TLs and data of the optical modulation bandwidth,   
f-3dB, and error-free data transmission.  
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1. Introduction 
1.1 Outline of Research Interests 
 
The exponential increase in data bandwidth is propelled by the demands from applications of 
high-performance computing, cloud computing, social media, etc. In 2014, nearly 3 billion 
people had access to the internet and the number is growing. The amount of data produced by 
humanity is projected to reach over 3 x 1022 bytes by 2020. The issue is no longer "how we can 
generate this amount of data" but "how we can deliver such demand fast and reliably." Optical 
transceiver system development shines light to this question; fiber communication has replaced 
wired connection over long distances, within data centers, and is in the vicinity of entering our 
homes, providing speed and reliability. In order to break the threshold even further, the physical 
layer of the system, the transceiver itself, needs to be drastically improved. 
The diode laser (DL), especially the vertical cavity surface emitting laser (VCSEL), has 
shown good bandwidth and data transmission performance. However, the modulation speed 
capacity of DL is intrinsically limited by the slow recombination carrier lifetime (~1 ns), 
resulting in large minority carrier accumulation. In addition, DL shows an impedance mismatch 
problem under microwave signal modulation. As a result, the directly modulated DL exhibits a 
fundamental modulation bandwidth limitation with large relaxation oscillation peaks. Therefore, 
developing a new kind of transceiver is essential in breaking the bottleneck of the data 
transmission rate. 
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1.2 History and Development of the Transistor Laser 
 
In 2004, Professor Nick Holonyak Jr. and Milton Feng demonstrated the breakthrough device, 
the transistor laser (TL), by inserting a quantum well (QW) and a resonant cavity in the base 
region of a heterojunction bipolar transistor (HBT) [1]. The TL is a novel optoelectronic device 
and is the first three-terminal semiconductor laser. The transistor structure of a TL provides both 
current and voltage modulation capability, which cannot be achieved with a DL. Compared to 
DLs, TLs exhibit intrinsic advantages such as picosecond recombination lifetime (τB), high 
differential, low minority carrier injection density in QW resulting in ultra-low relative intensity 
noise (RIN) [2], and unique three-terminal electrical-optical characteristics allowing internal 
signal mixing [3] and photon-assisted tunneling [4]. In terms of microwave signal modulation, 
the fast recombination lifetime enables TLs to achieve resonance-free operation, which is a 
fundamental limitation in directly modulated Fabry-Perot edge-emitting DLs. With these 
advantages, the TL can open up endless future applications of high-speed optoelectronic 
interconnects. The following chapters of this thesis are presented to illustrate this statement by 
discussing the technical background and measurement data of single quantum-well Fabry-Perot 
edge-emitting TLs.  
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2. Device Structure and Carrier Dynamics of the Transistor Laser 
 
In this chapter, the technical background of the TL will be introduced through its 
transistor basis to the generation of light in the base. A comparison between the diode laser (DL) 
and TL, in terms of carrier dynamics, will be presented to illustrate the advantages of TLs over 
DLs in terms of high-speed performance.  
2.1 Heterojunction Bipolar Junction Transistor (HBT) 
 
The TL is developed by inserting an InGaAs quantum-well in an InGaP (n)/ GaAs (p+)/ 
GaAs (n) single heterojunction bipolar transistor (HBT) [1]. Therefore it is essential to discuss 
the structure of the HBT to effectively illustrate the technical aspects of the TL. The HBT was 
developed to compensate the limitations of modulation speed originated from the doping profile, 
heavily doped emitter and lightly doped base, of a bipolar junction transistor (BJT). A heavily 
doped emitter results in an increase of emitter-base junction capacitance and therefore longer RC 
charging time. A lightly doped base layer leads to higher base resistance, and to reduce the 
resistance, a thick base layer is required. Consequently, it takes a longer transit time, τt, which 
lowers the current gain, β. In terms of transit time, τt, and recombination lifetime, τn, β can be 
expressed as in Eqn. 2.1, 
                                                            𝛽 =
𝜏𝑛
𝜏𝑡
.                                                       (2.1) 
Instead of relying on doping profile, the idea of using wider bandgap material as emitter to 
enhance the BJT performance was first discussed by Shockley [5]. Later, Kromer [6] proposed 
the structure of the first HBT, with a larger bandgap emitter to prevent hole injection from the 
base to the emitter. Figure 1 shows the band diagram of an n-p-n HBT in forward active 
operation mode, which is emitter-base under forward bias and base-collector under reverse bias. 
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The potential barrier, qVp indicated on Figure 1, at the emitter-base junction creates a band 
discontinuity in the valence band, which greatly suppresses the hole injection from base to 
emitter. As a result, the emitter of an HBT can be lightly doped to achieve low junction 
capacitance while maintaining good electron injection from emitter to base. Also, a highly doped 
base can be sustained to reduce resistance and, therefore, a thin base layer can be implemented in 
an HBT to reduce τt and achieve much higher β than in BJT.  
 
Fig. 1. Band diagram of a n-p-n forward active HBT [6]. 
2.2 Light Modulation in the Base 
 
 Base carrier transport dynamics, namely base currents, are crucial to transistor operation 
[7] since it is the base that supports the recombination of injected minority carriers and such 
recombination provides the basis of current gain, β. For an n-p-n BJT, the base current, IB, is 
composed of a hole injection current, Ip, and a recombination current, Ir, and the relationship 
between the two can be expresses as  IB = Ip + Ir. The hole injection current is regarded as a 
negative impact term since a large hole back injection current limits the magnitude of β.  On the 
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contrary, due to the band discontinuity at the emitter and base junction in an n-p-n HBT, Ip is 
largely suppressed and IB mainly consists of Ir; IB = Ir. 
 For an HBT fabricated with ledge passivation on the exposed base surface, extrinsic 
surface recombination currents can be greatly reduced. Non-radiative recombination such as the 
Hall-Shockley-Read process and Auger recombination, alongside radiative recombination 
provide the main recombination mechanism that is the bulk of the base of an HBT. It was 
doubtful by many that light could be observed from the radiative recombination. In 2004, light 
modulation from the base of an InGaP/GaAs HBT was first reported, namely the first light-
emitting transistor (LET). Figure 2 shows the top view of light emission from the base of the first 
LET captured by a silicon CCD [8].  
 
Fig. 2. CCD image showing optical emission from the base of an HBT under forward active 
operation [8]. 
 The modulation speed of the optical signal due to an electrical signal injected into the 
base was at most 1 MHz. The low modulation speed resulted from the device geometry not being 
optimized for optical output. Nevertheless, the first LET was demonstrated and it indicated a 
large current density in the base.  
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2.3 Quantum-Well Light Emitting Transistor to Quantum-Well Transistor Laser 
 
 With the first LET as the basis, various efforts have been made to re-design the device 
geometry for optimizing the modulation light output signal. The quantum-well (QW) was 
introduced into the base of the LET to enhance the optical generation; the first QW-LET was 
demonstrated in 2004 [9]. Figure 3 (a) shows the CCD image of a top view of an QW-LET, and 
Fig. 3 (b) shows the light emission from the QW-LET under forward active bias, common-
emitter configuration, with 1 mA base biasing current. 
 
Fig. 3. (a) Top view of a QW-LET with 45 m diameter light emitting area, and (b) CCD image 
of light emission from QW-LET under forward active operation with 1 mA base current [9]. 
 With the incorporation of the QW, radiative recombination is enhanced and the optical 
modulation speed was improved to 1 GHz. Also, the design of QW allows bandgap engineering 
to tune the emission wavelength. Figure 4 shows the (a) 1 GHz electrical modulation signal 
7 
 
injected into the base, (b) 1 GHz electrical output at the collector and (c) 1 GHz optical 
modulation output.  
 
Fig 4. Modulation signal of (a) a 1 GHz electrical input pattern into the base, (b) electrical 
modulation from the collector, and (c) the optical modulation output from a QW-LET [9]. 
In 2005, by adopting a high Q resonant cavity, which formed with edge-emitter cleaved 
Fabry-Perot facets, the spontaneous optical light output of the common emitter configuration 
QW-LET was enhanced to a room temperature continuous wave (CW) stimulated emission and 
hence the first QW-TL was demonstrated [1]. Figure 5 shows (a) a microscopic image of the 
QW-TL with a laser ring pattern coming out of a cleaved Fabry-Perot facet and (b) a top view of 
the device structure.  
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Fig. 5. (a) Microscopic image of a QW-TL with laser ring emission pattern coming out of a 
cleaved Fabry-Perot facet and (b) a SEM image of a QW-TL top view [1]. 
The optical modulation was also improved to 3 GHz with the laser structure and 
operation. Figure 6 shows (a) the 3 GHz electrical input signal, (b) collector electrical output, 
and (c) optical modulation output signal. With the improved device layout and size down-scaling, 
a TL with 40 Gb/s simultaneous optical and electrical output signal has been demonstrated [10].  
 
Fig. 6. Modulation signal of (a) a 3 GHz electrical input pattern into the base, (b) electrical 
modulation from the collector, and (c) the optical modulation output from a QW-TL [1]. 
2.4 Carrier Dynamics in the Base of the Transistor Laser 
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 The TL can intrinsically achieve higher speed optical modulation than the diode laser 
(DL), which is due to its dynamic charge transport mechanism in the base region. Figure 7 shows 
energy band diagram schematics of both a (a) conventional p-i-n DL and (b) an n-p-n TL.  
 
Fig. 7. Schematics of energy band diagram and carrier distribution of (a) an p-i-n DL and (b) an n-p-n TL 
under forward active mode [11]. 
 For a DL, holes and electrons are injected into the active region QW from the p and n 
terminals. The active region serves as a charge tank for the large amount of injected carriers to 
recombine radiatively. Due to the large number of carriers piled up in the active region, some 
carriers need to “wait” before they can recombine radiatively under modulation and therefore the 
average recombination lifetime in the active region is prolonged; the speed of a DL is governed 
by its nanosecond recombination lifetime [11]. 
 For a TL, on the other hand, electrons are injected from the emitter terminal and the holes 
are supplied by the base current into the base terminal. The concentration of minority electrons 
injected into the base is the highest at the emitter and base junction, therefore forming a tilted 
carrier distribution in the base. The distribution of the majority hole is also tilted to maintain 
charge neutrality in the base. This tilted charge distribution results in minority electrons diffusing 
across the base. As the electrons diffuse across the base, they pass through the active region and 
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recombine radiatively with the majority holes if the recombination lifetime is shorter than the 
transit time across the base. Carriers with a long transit time will be swept away, instead of piling 
up in the base, to the collector and contribute to the collector current by the large reverse-biased 
electric field at the base and collector junction, forming a zero-charge-density boundary. By 
allowing only the electrons with recombination lifetime shorter than transit time to contribute to 
the radiative recombination, the recombination lifetime of the TL in the base is clamped to the 
picosecond range transit time [11]. Therefore, the TL intrinsically possesses advantage over the 
DL in terms of optical modulation speed performance.  
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3. High-Speed Characterizations of Transistor Laser 
 
 In Chapter 2, qualitative characteristics of the TL and its background have been 
illustrated. Quantitative characteristics of an n-p-n common emitter single QW TL is discussed in 
this chapter. First, the setup of the characterization is presented. Second, the DC characteristics, 
including IC (collector current) - VCE (voltage across collector and emitter) family curves and 
unique L (optical light output) - VCE family curves are introduced and analyzed. Second, the 
microwave data of the TL, including optical frequency response curves and bit error ratio testing, 
is presented to conclude this chapter. 
3.1 Characterization Setup 
 
 To accurately characterize the TL, either DC or RF, a proper measurement setup is 
needed. Figure 8 shows a schematic of the basis of the optical and electrical measurement setup. 
,
 
Fig. 8. Optical coupling basis setup for measuring both DC and RF data of an n-p-n TL. The RF 
modulation and DC bias is combined and injected into the base terminal for this specific setup. 
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To operate a common emitter n-p-n TL in forward active mode, a positive voltage, VCE, is 
applied across the device, collector and emitter, from a Hewlett Packard (HP) DC power supply 
source, and VCE = VCB + VBE. A DC base current, IB, is supplied to the base terminal by fixing the 
voltage, VBE, across the emitter and baser junction. Collector current, IC, is measured at the 
collector terminal with a sensing port on the power source. 
To couple the optical light output from the TL into an optical fiber, a free space lens and 
mirrors combination is used to form the optical link as shown in Figure 8. With this setup, a 90% 
power coupling efficiency into the fiber is achieved. The coupled light output power from the 
fiber can be relayed onto an optical power meter to measure light output power, L. The optical 
isolator in between the lens is used to block to back reflection from the optical fiber. Back 
reflection can cause interference standing wave noise, which is unwanted in RF measurements. 
The same setup can be used to measure RF measurements with the addition of RF 
components. For the rest of this chapter, the RF modulation, either continuous wave or patterned 
square wave, from a signal port of a measurement instrument is applied to the base by combining 
it with the DC base current through a capacitance-inductor bias T structure as shown in Figure 8. 
To measure the optical modulation signal, the coupled light output is sent into a high-speed 
photodetector module, instead of a power meter, and the converted modulated electrical signal is 
measured by the measuring port of the corresponding measurement instrument. Two types of RF 
measurement will be discussed in the later sections of this chapter: (a) optical modulation 
bandwidth measured with an Agilent parametric network analyzer (PNA) and (b) bit error ratio 
measured with an SHF pattern generator (PG) / error analyzer (EA) combination. 
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3.2 DC Characteristics 
 
 First, the DC characteristics are discussed to provide a thorough characterization of a TL. 
It is well known that IC-VCE family curves of different IB characterize a common emitter n-p-n 
HBT. However, no device has ever shown the L-V relationship. The TL is the first device to 
show L-VCE family curves of different IB. Figure 9 shows (a) IC-VCE family curves and (b) L-VCE 
family curves of a 200 m cavity length TL, and the layer structure of this TL is discussed in 
[12]. 
 
Fig. 9. (a) IC-VCE family curves with IB = 0 – 90 mA and IB = 5 mA, where the normal transistor 
operation region is shown in black and laser region shown in red. The IB current threshold, ITH, is 30 mA 
at 15 °C. (b) Corresponding L-VCE family curves with laser emission  = 983 nm. Light output power is a 
function of VCE and hence collector voltage modulation is possible [13]. 
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There are two distinct regions in the IC-VCE family curves: below laser threshold indicated 
by black curves and above laser threshold indicated by red curves. For a current pumped laser, 
the TL has a distinct laser threshold current, when IB = ITH, and the threshold current is 30 mA 
for this specific TL at 15 °C shown in Figure 9. Below laser threshold (IB < 30 mA), the TL acts 
like a regular transistor; transition from saturation region to active region and roughly equally 
spacing in between each line under the active region. Above laser threshold (IB ≥ 30 mA), the 
spacing between each line decreases. This results in a decreasing value of IC for each increasing 
IB and hence current gain, , compression [1]. can be defined as in Eqn. 3.1,  
    𝛽 =
𝜏𝑛
𝜏𝑡
=  
𝐼𝐶
𝐼𝐵
.                                                     (3.1) 
The spacing increases at high IB values because of self-heating of the device. 
 The L-VCE family curves show some interesting characteristics. Similar transition from 
the saturation region into the active region is also seen as radiative recombination is associated 
with the carriers flow across the device. The increasing light output power with increasing IB 
makes physical sense as a higher supply rate of holes into the base is needed if a higher rate of 
radiative recombination is occurring. Although not obvious in Figure 9 (b), the light output 
power is decreasing as VCE increases. When VCE > 3 V, the stimulated light output power 
drastically decreases to spontaneous emission. This is due to intra-cavity photon assisted 
tunneling (ICpaT) and collector VCE modulation on the ICpaT producing optical pulse has been 
demonstrated recently [4]. 
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3.3 Small Signal Modulation Optical Frequency Response 
 
 The small signal modulation optical frequency response characterizes the modulation 
capability of the TL. By using a parametric network analyzer (PNA) to modulate the TL and 
collect the converted electrical modulated signal, a small signal modulation optical frequency 
response curve can be obtained to analyze the optical modulation bandwidth. In order to move 
the measuring reference plane to the device and accurately measure the optical response of the 
TL, a SOLR calibration needs to be performed. Similarly to the conventional SOLT (short-open-
load-thru) calibration, a short, open and load (50 ) calibration substrate is used to move the 
signal port of the PNA to the biasing probe tip, and mechanical short, open and load standards 
are used to keep the measuring port at the PNA front panel. Since it is not possible to do an 
optical thru for the optical link on an electrical signal based calibration, a reciprocal, R, unknown 
thru is replaced with a high-speed low-loss RF cable.  
With the correct calibration and small signal modulation signal applied to the TL, power 
typically less than -15 dBm, optical frequency response can be measured with the setup 
described in Figure 8. Figure 10 shows an optical frequency response of the same TL described 
in Figure 9. The optical modulation bandwidth, f-3dB, is defined at the -3 dB point, where the 
received power drops to half in the frequency domain. The 5 dB resonance amplitude is due the 
choking effect of the carriers at the resonance frequency for different IB values. The highest 
reported optical bandwidth for this TL is 10.4 GHz at IB = 85 mA, I/ITH = 2.83. It makes physical 
sense that the highest modulation bandwidth corresponds to the largest IB as higher 
recombination rate corresponds to better response to modulation signal. 
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Fig. 10. Normalized small signal modulation optical frequency response of a TL with -3 dB bandwidth,   
f-3dB, of 5.3, 7.7, 9.1 and 10.4 GHz at IB = 50, 60, 70 and 85 mA. The ITH of this TL is 30 mA [13]. 
 The optical response curves can be fitted by the solution of the rate equation that 
describes the carrier-photo dynamics of a semiconductor laser formulated by Statz and DeMars 
[14]. The rate equations are shown in Eqns. 3.2 and 3.3, 
    
𝑑𝑁
𝑑𝑡
=
𝐼𝐵
𝑞
−
𝑁
𝜏𝐵
− 𝜈𝑔(𝑁)𝑆                                          (3.1) 
 
𝑑𝑆
𝑑𝑡
= Γ𝜈𝑔(𝑁)𝑆 + 𝛾
𝑁
𝜏𝐵
−
𝑆
𝜏𝑝
.                                              (3.2) 
The equations assume single mode operation and no electrical parasitic effects from the device 
layout. The parameters in the equations are: carrier density (N), carrier lifetime in the base 
(B,spon), group velocity of carriers (), gain medium coefficient (g(N)), photon density (S), 
optical confinement factor (), spontaneous emission coefficient () and photon lifetime (p). 
Upon solving the rate equations, a two-pole transfer function can be obtained. However, to 
compensate for the electrical parasitic of the device, a one-pole function can be multiplied to the 
solution for completeness. The proposed fitting equation is shown in Eqn. 3.3, 
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𝐻(𝑓) =  
1
1−(𝑓 𝑓𝑅⁄ )2−𝑗2(𝑓 𝑓𝑅)𝜉⁄
×
1
1+𝑗(𝑓 𝑓𝑝)⁄
,                                  (3.3) 
where 
𝑓𝑅 =
1
2𝜋
√
𝜂
𝜏𝐵𝜏𝑝
(
𝐼𝐵
𝐼𝑇𝐻
− 1),                                                                 (3.4) 
𝜉 =  
1
4𝜋𝑓𝑅𝜏𝐵
+ 𝜋𝜏𝑝𝑓𝑅.                                                                      (3.5) 
The recombination lifetime and photon lifetime are used in tandem with a fitting 
parameter, , to obtain the fitted resonance frequency, fR, and damping factor, . The resonance 
frequency increases directly with the modulation bandwidth and the damping factor corresponds 
to the resonance amplitude of the frequency response. An example of fitted measurement data is 
shown in Figure 11 for a 400 m cavity length TL. Dotted data represents the measurement data 
and solid line represents the fitted curve. 
 
Fig. 11. Measurement data (dotted) and fitted curve (solid) plotted on top of each other. The ITH 
of this 400 m TL is 55 mA and the highest reported f-3dB is 13.4 GHz at IB = 145 mA [15]. 
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3.4 Data Transmission Performance 
 
Data transmission performance is an important characteristic for laser devices used in 
high-speed data transmission optical interconnect. To characterize the TL’s data transmission 
capability, bit error ration testing (BERT) is performed. Bit error ratio (BER) can be defined as 
the bit error probability on average and is represented as Eqn. 3.6,  
𝐵𝐸𝑅 =  
𝑁𝑒
𝑁𝑡
.                                                                      (3.6) 
Ne is the number of errors detected and Nt is the number of bits received. An example of how an 
error occurs in a stream of received signals is shown in Figure 12. 
 
Fig. 12.  Diagram showing a stream of received data and respective threshold levels. The transmitted 
signal and received signal at each sampling point are shown and errors occurred at bit periods 3 and 4 
[16]. 
For a received stream of data 1s and 0s, it is essential to define a threshold level that 
separates the one level and zero level. If the received signal corresponds to a level higher than 
the threshold at a sampling point, a 1 signal will be registered. Similarly, if the received signal 
corresponds to a level lower than the threshold at a sampling point, a 0 signal will be registered. 
Comparing the transmitted signal stream to the received signal, it is clear that errors occur at bit 
period 3 and 4 and the the BER of this received signal stream is 0.5. 
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 Another intuitive way to look at the received signal stream is the eye diagram. When 
analyzing a digital transmitted signal waveform, single value displays are not very useful. 
Transmitted signals are not repetitive but rather consist of random or pseudorandom patterns 
(PRBS) of 1s and 0s [17]. The eye diagram is usually obtained with equivalent-time sampling 
instead of real-time sampling to overcome the limitation imposed by Shannon’s sampling 
theorem. Shannon’s sampling theorem states that to unambiguously digitize a sine wave, the 
sampling frequency must be at least twice the signal frequency [17]: 
𝑓𝑠 ≥ 2 × 𝑓𝑠𝑖𝑔,                                                                                (3.7) 
where fs is the sampling frequency and fsig is the signal frequency.  
 
Fig. 13. An eye diagram of the 200 m TL under a 22 Gb/s PRBS 7 (27-1 bits pattern) non-return to 
zero (NRZ) modulation pattern at 15 ˚C. An open and error-free eye can be seen in the center opening 
[13]. 
Instead of displaying single values, an eye diagram overlays all the sampled 1s and 0s on 
top of each other. Eye diagrams are known as multi-valued displays because each point in the 
time axis has multiple voltage values associated with it. Figure 13 shows an eye diagram, 
captured by an Agilent high-speed oscilloscope, produced by the 200 m TL under a 22 Gb/s 
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PRBS 7 (27-1 bits pattern) non-return to zero (NRZ) modulation pattern, created by an SHF 
pattern generator, at 15 ˚C. The DC bias applied is IB = 85 mA and VCE = 1.5 V. Many 
parameters can be analyzed from an eye diagram: fall and rise time, RMS jitter or rising and 
falling edges, signal-to-noise ratio (SNR), eye width and eye amplitude. The overshoot above the 
1 level in the eye diagram is associated with the resonance frequency component shown in 
Figure 10. Most important of all for BERT, the eye opening in the center needs to be clean and 
free of error for defining a sampling threshold in a data transmission link. A standard error-free 
definition is when the received signal pattern has a BER ≤ 10-12. By varying the coupled optical 
power with an optical attenuator and collecting the BER data, we can determine how the 
transmission quality varies with optical power and the lowest coupled power required for error-
free transmission.  Figure 14 shows the semi-log of Log(BER) vs. optical power of the 200 m 
TL under a 22 Gb/s PRBS 7 modulation pattern with peak-to-peak amplitude, Vpp = 1.7 V, at    
15 ˚C. 
 
Fig. 14. Log(BER) vs. received optical power at 22 Gb/s. Under the described biasing and modulation, 
error-free transmission can be achieved when received power is >  -2 dBm = 0.63 mW [13].  
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 A linear relationship can be obtained by plotting Log(BER) against received optical 
power (dBm) in a semi-log scale. For the 200 m TL under the described biasing at 15 ˚C, it is 
able to achieve 22 Gb/s error-free transmissions. Each BER point is collected for more than 1013 
bits, corresponding to 455 seconds of data collection, to remove the effect of random errors in 
the measurement. A confidence level can be defined to verify the validity of data points.  
The time, t, required to achieve error-free transmission at an upper bound of BER, in this 
case p = 10-12,  can be expressed as Eqn. 3.8 [18]. 
𝑡 = −
ln (1−𝑐)
𝑝∙𝐵
,                                                           (3.8) 
where B is the bit rate, in this case B = 22 Gb/s, and c is the confidence level. To have a 
confidence level > 99% with p = 10-12 and B = 22 Gb/s, the data collection time needs to be > 
209 seconds. Therefore we can conclude that the data points shown on Figure 13 have a 
confidence level > 99%. 
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4. Conclusion 
 
 In conclusion, a brief history of the development into QW-TL from HBT has been 
illustrated to show the high-speed modulation capability. The dynamic charge transport and zero 
charge boundary of carriers have been shown in comparison with the DL to show the TL’s 
modulation advantage over DL. A detailed description on the measurement setup is shown 
before measurement data is presented. Both DC and RF data of a 200 m device have been 
presented. The electrical and optical family curves of a QW-TL have been discussed extensively 
to illustrate the physics and uniqueness of the TL. Optical bandwidth measurement procedure 
was detailed and data was shown. A fitted curve is also shown to demonstrate the theory behind 
the measurement. Detailed definitions of BER and eye diagram have been illustrated and finally 
a 22 Gb/s error-free transmission optical link based on a TL is shown. 
 Immense application potentials of TLs have been demonstrated with more to be explored. 
We believe higher-speed TLs can be achieved by optimizing the epitaxial design and device 
layout. Also the collector modulation on the intra-cavity photon-assisted tunneling has recently 
shown possibilities of generating optical pulse without using external modulators. The three-port 
electrical and optical characteristics have been demonstrated to show internal signal mixing 
capability and optical clock signal through opto-electrical oscillation. Overall, there are still 
many aspects to be developed on the TL and, therefore, there are a lot of research opportunities 
to pursue on this topic.   
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